retain substantial amounts of rain, even torrential, over a very short time [4] .
The water deficit observed in many regions of the globe, including Poland, forces people to seek places where they could tap new resources or apply some technological measures to recover substantial amounts of water that have so far figured as losses in the total balance. One of the latter is employing natural retention to store and then recover water. This can involve not only the surface water cycle, but also the near-surface one [5] . Among the natural objects that can be employed to store precipitation and then be used for household and economic purposes are basins without outlets, both of the absorptive and the evapotranspiration type [6, 7] . All kinds of practices, both technological (small water reservoirs, weirs, gates, etc.) and non-technological (afforestation, tree planting, protective vegetation belts, protection of kettle ponds, country ponds, marshes, etc.) can help to slow down or stop water while restoring the natural landscape. However, to be able to employ the various forms of retention correctly, one should first identify the conditions that will affect small water cycles and the magnitude of retention in the catchments [8, 9] .
The occurrence of closed basins has a substantial impact on the present-day character of the water cycle in a river basin since they create special circulation conditions and offer a natural possibility of rainwater retention [5, 8, 9] . This is more important as Poland's water resources are modest when compared with other European countries [10] , and the amount of water at our disposal largely depends on precipitation [11, 12] . This implies the possibility of retention of rainwater from built-up areas. Do not forget at the same time that water resources will be reduced as a result of climate change [13] [14] [15] . Also important will be the state of water quality and local, regional, and how global factors influence them [16] [17] [18] .
The initial hypothesis assumed in the research was that an improvement in the water cycle in the river catchments chosen for analysis could be obtained by using their natural basins without outlets to store rainwater from natural and urbanised areas. The chief goal of the research was to identify the types and conditions of retention in each catchment. At this stage it was extremely important to estimate the magnitude of water retention in the individual closed basins and to assess the possibility of this water being used by humans.
Fieldwork was carried out in the catchments of the upper Parsęta and the Potok Oliwski (Fig. 1) , rivers situated in the Baltic drainage area in the coastal zone of northern Poland.
The upper Parsęta catchment (Fig. 2) , a geoecosystem of a lowland postglacial area situated in the temperate zone, is representative of the region of Pomerania. Displaying a marked relative relief, it extends on the northern slope of the Central Pomeranian end-morainic series within the socalled Parsęta lobe. Its relief results from complex deglaciation during the Pomeranian Stage of the Vistulian and during the Holocene morphogenetic cycle [19] . The basic part of the catchment is located within the outer subzone of the dead-ice moraine and kame moraine [20] .
In the catchment, surface deposits include glacial tills, sands, and gravels, as well as slope and mineral-organic deposits. Agriculture and forestry are the predominant land uses, while the soils are mostly brown with an admixture of black soils, muds, and mineral-organic and organic soils. The upper Parsęta catchment occupies an area of 74.0 km 2 , and the river has a length of 13.26 km. Basins without outlets have a special place in the contemporary denudation system of the upper Parsęta catchment; they display a variety of sizes, morpholithology, and location (with respect to other landforms) [21] .
A characteristic feature not only of the upper Parsęta catchment, but the river's entire drainage basin, is the presence of a great number of closed basins. Combined with a large proportion of podzolic soils, this creates good conditions for efficient infiltration and increases retentivity in the catchment, as pointed out, among others, by Choiński [22] and Szpikowski [23] . , is covered by woodland. It is densely built, mostly with housing estates as well as industrial facilities and large-lot shopping centres occupying a total of 1.45 km 2 ( Fig. 3) . Built-up areas often suffer from the underdevelopment of infrastructure in the form of storm water drainage and storage reservoirs suited to the road area. This part of the Potok Oliwski catchment lacks an organised network of surface waters. Among its surface hydrographic elements are marshes, lakes, and the most characteristic ones: numerous areas without an outlet with kettle ponds located at the bottom. Here the catchment is drained via streams of the marginal zone, which offers a good pathway for the outflow of surface waters owing to its digitally branched valleys. Some of the valleys, however, remain dry, providing a route for potential rain-and meltwater, and some fill with intermittent streams that develop in spring and autumn.
The principal streams of the catchment are the Potok Oliwski together with its tributaries (Fig. 4) . The Potok Oliwski shows a high mean gradient reaching up to 12.5%, and in the marginal zone this figure even exceeds 20%. [24] . A tendency could be observed for the discharges to increase from year to year, which is believed to be caused by the growing amount of water that reaches the streams of the catchment from storm sewers in built-up areas. In its lower reaches the Potok Oliwski is fully improved and accompanied by several retention reservoirs and ponds, constructed here already since the Cistercian times. Discharged into the stream is rainwater from the residential quarters situated in the area.
Methods
The proposal of research on areas without an outlet in a systems approach rests on the conception of a geoecosystem based on Bertalanffy's general systems theory [25] . In accordance with it, basins without outlets together with their catchments can be regarded as variously sized spatial units representing a variety of landscapes and should be defined as territorial systems. The systems research methodology has been backed up by American studies [26] .
The basic methodological assumption adopted in the research was the conception proposed by Drwal [27] of distinguishing two types of area differing in ways of water circulation: a closed absorptive type, where the chief precipitation-balancing process is infiltration, and a closed evapotranspiration type, where the chief precipitationbalancing process is evaporation. A depression of the latter type is usually filled with water and then becomes a kettle pond or a marsh. Both types were the object of detailed analyses.
The research focused mainly on indoor work and involved an analysis of topographic maps, statistical calculations, and the interpretation of the results of meteorological measurements. The documentary material employed was topographic base maps at a scale of 1:10,000, and in the case of the Potok Oliwski, hydrographic maps at a scale of 1:50,000 (sheets 3449D Gdańsk-Osowa and 3450C Gdańsk). The basic method was an analysis of the topographic maps and the statistical processing of the material collected using ArcGIS.
In the upper Parsęta catchment, the chief criterion of distinguishing closed absorptive basins was the assumption that they were concave landforms, closed on a map with a double contour line, the tick mark pointing inwards. The analyses of this area also covered all evapotranspiration basins without outlets that could be distinguished on the basis of the topographic base maps available.
For the purposes of this study, four parameters were necessary: the length, width, depth, and area of the closed basins. The length of a basin was measured as the distance in a straight line between the two farthest points of its margin. In turn, its width was measured as a perpendicular to the length, again joining two farthest points of its margin in a straight line. Depth was calculated by subtracting half a contour interval from the lowest-situated closed contour line on a map at a scale of 1:10,000, or 0.625 m. This parameter shows a high level of generalisation resulting from calculation methods employing topographic base maps.
The retentive potential of closed absorptive and evapotranspiration basins was calculated from the formulas for a total capacity of water bodies proposed by Penck, of the form presented below: (1) ...where: V is the volume of the cone, P is the area of its base, and h is the height of the cone (here: the depth of the depression).
In the case of a depression for which only one parameter was available -area or depth -further statistical analysis proved necessary. To this end, trend lines were plotted for a specified group of basins, and equations of curves were formulated that were linear functions of the type y = ax+b. After a suitable transformation, equations in one unknown were obtained which allowed the calculation of the parameters sought. Such a statistical estimation of one of the parameters was necessary to calculate the retentive potential of the closed basins under study.
The meteorological conditions during the analysed period were identified on the basis of the results of studies carried out at the Adam Mickiewicz University Geoecological Station at Storkowo and a measuring station near the Gdańsk Refinery. This was a continuous record by a MILOS 500 automatic station. Meteorological monitoring embraced measurements of air temperature and the amount and distribution of precipitation. Those were considered key variables for the characterisation of the operation and retentive capacities of the geoecosystems of closed basins in the upper Parsęta and Potok Oliwski catchments.
Results and Discussion
There is an abundance of depressions without outlets in the upper Parsęta catchment, where a total of 358 landforms with no surface runoff have been distinguished, or 4 , or 5.5% [26] . The depressions with small kettle ponds are largely grouped in the northern, western, and southwestern parts of the catchment, while absorptive basins are evenly distributed throughout the area [6, 7] .
A feature typical of postglacial areas is basins without an outlet [28] . What favours their occurrence in the upper Potok Oliwski catchment is a relief of hills and depressions with gentle slopes. The absence of an organised surface runoff and the postglacial geological structure of the substratum give rise to two kinds of closed basinsabsorptive and evapotranspiration ones. There are eight basins of the former type in the catchment and 27 of the latter type (Fig. 5) .
The Potok Oliwski catchment includes depressions without outlets, where a total of 35 landforms with no surface runoff have been distinguished, or 4.83 per 1 km Table 1 .
To present natural conditions directly affecting the retentive potential of the closed basins, let us consider atmospheric precipitation supplying their catchments. For issues involving the water cycle in a catchment, weather conditions in the given hydrological year have to be considered. The years when the research was conducted, 2006 and 2007, differed in terms of temperature and precipitation. In accordance with the classification prepared for the purposes of the Integrated Monitoring of the Natural Environment in Poland, they can be described as follows:
• 2006 was normal in thermal terms and dry in terms of precipitation: the mean temperature was 7.7ºC and the annual rainfall 603.9 mm ( Retentivity as an Indicator of the Capacity... 2507 The differences in the thermal and precipitation conditions between the two years were reflected in variations in the levels of surface-and groundwater and hence in the retentive potential of the closed basins, and differences in the rainfall itself, in the loads of solutes reaching the geoecosystems of their catchments.
The difference in the mean annual temperature amounted to 1.7ºC between the two years. Usually, the warmest month of the year is July. This was so also in July 2006, when the highest mean monthly temperature was recorded, at 21.1ºC. A year later, in the three summer months of June, July, and August, the temperature stayed at 17ºC or slightly higher ( Table 2 ). High air temperatures enhance evaporation and hence caused a drop in the level of surface-and groundwater in the depressions studied. This means that the best storage conditions occur in the summer half-year: in the case of any extreme events, the depressions are ready to accept water to their full capacity.
In two years the lowest mean monthly temperatures were recorded in different months. In 2006 the coldest one proved to be January with a mean monthly temperature of -6.5ºC. Two other months displayed sub-zero mean temperatures, too -namely February (-1.6ºC) and March 2006 (-1.0ºC). In 2007 it was only in February that the mean monthly temperature fell below zero, to -0.2ºC (Table 1) .
Precipitation in Poland largely comes from the moisture absorbed over the Atlantic Ocean by air masses transported together with cyclonic systems by the westerly winds prevailing throughout the year [29] . With cyclonic activity vigorous year round, precipitation is recorded in all seasons. Precipitation totals are markedly higher in summer than in winter; the proportion has been found to be roughly 60:40%. Summer rains vary greatly; there are lasting dry periods, especially toward the end of summer in August, September, and October [6] . Those dates coincide with the depletion of surface waters from ephemeral ponds.
As in the case of thermal conditions, the two years under study differed substantially in terms of precipitation; both also departed from the multi-year mean (670.6 mm) calculated for 1963-1982 at Szczecinek station in West Pomerania. The year 2006 was dry, and 2007 was wet ( Table 3) .
The highest monthly rainfall total reached 154.0 mm and occurred in August 2006. The figure exceeded 100 mm three more times over the study period, with 139.8 mm in January, 132.9 mm in June, and 134.8 mm in July 2007 (Table 3) .
The lowest monthly rainfall total, a mere 9.6 mm, was recorded in January 2006. Only one more time was this figure smaller than 20 mm, in October 2007, when it was equal to 17.6 mm ( Table 2) . The mean precipitation data give no clue as to the maximum and minimum values, and neither do they offer any insight into other parameters, like the duration or intensity of precipitation. In many cases actual rainfall figures are several times higher or lower than the mean calculated for the given period. Presented below are exact measurements and their averages for a few days in the Potok Oliwski catchment, to show how widely they can differ in various time intervals (Fig. 7) .
The above observations demonstrate that introducing the actual distribution of precipitation into calculations is a key condition of correct analysis of the remaining elements of the water balance. They also confirm the observations of Wehner et al. [30] or Westra et al. [31] .
Also, one should not forget about big diurnal variations in the precipitation measured. This is not only of hydrological, but also of geomorphological significance, because heavy precipitation moulds (transforms) slopes in the catchments of closed basins [32] . Having a detailed record of the distribution of effective precipitation (measurement every half an hour), it is possible to determine the amount of rainwater that appears on the surface of the catchment at any given time interval and that enters further stages of the water cycle in nature [33] . Table 4 presents water volumes calculated for select days in which precipitation varied in terms of intensity. The data are remarkable: during a torrential rain event the figure can skyrocket to more than 26 times the normal amount.
The other chief component of alimentation of closed evapotranspiration basins is that supplied by all groundwater sources [34] . Research on the alimentation of closed basins in the upper Parsęta catchment has been carried out since 1999, and the alimentation index chosen is the concentration of ionised silica in the surface waters of those depressions. On the basis of multi-year observations, their alimentation has been classed as a precipitation-groundwater type. Alimentation by groundwater predominates during the spring periods of an intensive snowmelt and in the early autumn after rainfalls, causing a rapid rise of the groundwater table [6] . Alimentation by precipitation predominates in the remaining seasons of the year, with special intensity in the summer half-year.
Another important aspect of variations in the water resources of closed basins is loss of water due to infiltration. Predominant in the substratum of postglacial areas of Northern Poland are easily permeable sand deposits. Land depression without a surface outflow of water are, against appearances, open systems receiving a constant inflow of matter via atmospheric supply, but there is also a considerable underground outflow [35] . Thus, in the case of evapotranspiration areas without an outlet, among the dominant processes is not only evaporation, but also percolation, which attains a substantial volume [36] . This has been corroborated by water balance studies in the upper Parsęta catchment [6] and in the catchments with no outflow of the Kashubian (northern Poland) hydrographic system [27] . Table 6 . Amount of rainwater drained by storm sewers depending on rain intensity. Table 5 ).
The total volume of closed evapotranspiration basins accounted for a mere 43% of the storage capacity of all the closed basins in the upper Parsęta catchment. Table 1 ).
Depending on the intensity of rain (Table 6 ), the upland (7.25 km 2 ) can receive varying amounts of water within an hour. A proportion of water from built-up areas reaches storm sewers, as follows:
The alternative way of managing rainwater thus estimated was based on the level of permeability of surficial deposits, and in consequence on water infiltration, with three stages of retention: from surface to underground storage [37] . A significant, if not the most important on a local scale is surface runoff [38] . Geological boreholes drilled on the upland show it to consist of thick varigrained sand deposits, intercalations of till, and gravels [39] . When considering absorptive basins as sites where rainwater might be stored, it was assumed that the deposits building them had good or average permeability. Darcy's formula [40] was used to check the filtration flow intensity in terms of volume, and hence the capacity of water for infiltration in the depressions, and then the necessary area was established that rain of various intensity would infiltrate. It turned out to range from 1,015 m 2 for normal rain to 26,825 m 2 for torrential rain. It should be remembered that this range of basin area fits the current level of building in the upland part of the catchment; it can be adjusted to changing needs both in terms of precipitation intensity and the extent of the built-up area it is supposed to serve, e.g. by utilising a cluster of several smaller depressions or by slightly deepening (0.5 m) a single larger one (Fig. 8) .
With their areas of 12,300 m 2 , 4,900 m 2 , and 4,500 m 2 , respectively, the depressions chosen as examples of reservoirs for the entire built-up part of the catchment meet the above requirements as to the infiltration area (Fig. 9) . It is only in the case of a one-hour torrential rain that would make it necessary to deepen one of them or divide this amount of rainwater between them and an additional depression.
To test the effectiveness of retention in depressions in a 24-hour infiltration period, three of them were selected with a total area of 21,700 m 2 and a volume of 7,230 m 3 . For a normal rain (18 February 2001) , the amount of water that accumulated in them as a result of precipitation within this period infiltrated with no time lag: the infiltration volume equalled the rainfall volume (Fig. 9) . The infiltration reached 1,865.81 m 3 /30 min that day, which was a mere 4.8% of the maximum figure. Similarly for a heavy rain (12 March 2001) , water infiltration matched its accumulation in the basins, and at 4,531.25 m 3 it did not even approach the maximum, reaching just 11.6% of the potential figure (Fig. 10) .
The last day selected for analysis was 9 July 2001, with especially heavy precipitation that caused a flood in the Gdańsk area. An analysis of the infiltration figures and volumes of water accumulating in the basins showed that on that day the maximum infiltration value was achieved three times and lasted 1.5 hours; in the remaining period it was lower. The quantities of water that did not manage to infiltrate were 3,587.04 m 3 at 17:00, 5,574.82 m 3 at 17:30, and 10,250.64 m 3 at 19:00. But those surpluses infiltrated already half an hour after they had appeared (Fig. 11) .
Taking into consideration the parameters of the select basins and the precipitation conditions characteristic of the study area, the above calculations indicate that its filtration conditions are sufficient for the basins to serve as receptacles for rainwater from built-up areas [7] . This means that it would be possible to refrain from interference with the system of surface streams through discharges from storm sewers into them. The water being now drained in this way would naturally stay in the upland part of the catchment, whether retained on the surface or as groundwater alimentation, thus reducing sudden jumps in stream discharges like those after torrential rains, which have been one of the causes of upland-originating floods that threaten the builtup areas in the zone of the abrasion platform [41] .
Conclusion
In the 20 th century there appeared the first signals of freshwater shortages in many parts of the globe. Among them is Poland, with one of the lowest indices of water resources per capita. The situation is no better concerning water resources available to agriculture and industry. In the case of the former, there are regions with scant precipitation, often suffering from droughts. In the latter, the demand for quality water often exceeds its supply. The resources dwindle fast, which follows not only from their consumption, but also from their chemical and biological contamination. One should therefore reflect on how to counteract the rapid changes in the workable water resources intended for economic and household use. One of the possibilities is to employ the retentive function of areas without outlets. However, when considering the accumulation of excess water in closed basins, one should pay special attention to such natural factors as their distribution, morphometric indices, geological structure and the level of permeability of deposits connected with it, and finally atmospheric supply in the form of precipitation of various intensities. Regard for natural conditions is highly significant given the fast advancing development of urban infrastructure which results primarily from building into natural areas and from changes in the land-use pattern. In consequence, there is an accelerated outflow of precipitation water and its unrecoverable loss.
But employing both absorptive and evapotranspiration areas without outlets to accumulate and temporarily store excess rainwater would give people time to use it. In the case of isolated basins, the advantage would be negligible owing to their size and capacity, but a set of many such basins offers a substantial potential for periodic accumulation and storage of rainwater. A good example is the upper Parsęta catchment and the headwater zone of the Potok Oliwski catchment. The analysed basins without outlets are valuable not only in terms of water management, but also of ecological and environmental protection. It is therefore desirable to take all possible measures to protect those objects that can ensure balance in the natural environment at a time of increasing human impact.
